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Abstract
Results are presented on inclusive measurements of the spin structure function g1(x).
The world’s data on spin{dependent deep inelastic scattering are summarized. Results
from recent Next{to{Leading Order (NLO) QCD analyses are given. They provide an-
other successful test of QCD. The uncertainties arising from the low{x extrapolation of
the inclusive data in absence of any measurement prevent rm conclusions about the spin
structure of the nucleon. The NLO QCD analyses suggest a sizable gluon contribution to
the nucleon spin. Proposals to directly probe the gluon polarisation are described.
1 Introduction
The main goal in spin physics is to reveal the spin structure of the nucleon by studying spin{
dependent deep inelastic lepton-hadron scattering. The total spin of the nucleon can be written






 + LQ + g + Lg; (1)
where  is the intrinsic spin carried by the quarks, LQ is the angular momentum of the
quarks, g is the spin carried by the gluons, and Lg is the angular momentum of the gluons.
While in the framework of the Quark Parton Model (QPM)  is predicted to be about
0.6 the European Muon Collaboration (EMC) extracted a value of 0.060.0470.069 from
measurements of the spin structure function gp1(x) performed in 1988 [2]. This discrepancy
established the so called ’spin puzzle’ and stimulated a variety of experimental and theoretical
activities worldwide. Recently it has been shown theoretically by investigating the Q2 depen-
dence of the angular momentum [3] that 1
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However, the denition of these quantities is a matter of discussion as the distinction between
quark and gluon elds depends on the gauge chosen. All experiments to date have extracted
a value for  in the order of 0.3 [4] when analysing the data in the framework of the QPM
and assuming SU(3) flavour symmetry. Recent NLO QCD analyses have shed more light onto
the gluon contribution to the nucleon spin. However, all conclusions drawn so far concerning
the spin composition of the nucleon suer from the uncertainties arising from the low{x region
where no data are available up to now. There is no nal answer yet and after many years of
intense studies both experimentally and theoretical, the question of how the spin of the nucleon
is composed of its elementary constituents remains open.
1Invited talk given at the Int. School{Seminar ’The Actual Problems of Particle Physics’, Gomel, August
9{17, 1997, Belarus
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After giving an overview of the theoretical framework the status of the measurements of
the spin stucture function g1(x) will be presented and recent results from NLO QCD analyses
will be discussed with a short outlook onto initiatives to directly probe the gluon polarisation
in the nucleon.
2 Theoretical Framework
2.1 Inclusive Cross Section for Spin{Dependent
Deep Inelastic Lepton{Nucleon Scattering
Deep inelastic scattering (DIS) is the study of lepton-nucleon scattering at a
Figure 1: Deep inelastic lepton-nucleon sat-
tering in lowest order QED.
sucient high momentum transfer. In lowest or-
der Quantum Electro Dynamics (QED) the scat-
tering process is described by the exchange of a
virtual photon (one{photon approximation). The
basic Feynman diagram is shown in Fig. 1.
The cross section for inclusive DIS of a lepton









 LW ; (2)
where L is the leptonic and W the hadronic
tensor. The variables E and E0 are the energies of
the incoming and the scattered lepton, respectively,
and Q2 = −q2 = −(k − k0)
lab
’ 2EE0(1 − cos)) is
the four-momentum transfer squared, with k and
k0 being the four-momenta of the incoming and the
scattered lepton, respectively, and  the scattering angle (see Fig. 1). The leptonic tensor is
exactly determined in QED while the hadronic tensor cannot be calculated yet and, therefore,
is usually expressed in terms of structure functions. Both tensors have a symmetric and an
antisymmetric part where the latter contains the spin information.
Figure 2: Denition of spin and scattering
plane in polarised lepton scattering on a xed
polarised nucleon target. The gure has been
taken from [44]
In the one{photon approximation (see Fig. 1)
the inclusive cross section for spin{dependent
DIS can be written as the sum of a spin{
independent term  and a spin{dependent term
 involving the lepton helicity hl = 1:




The spin{independent cross section is ex-
pressed in terms of two unpolarised structure
functions F1 and F2 which depend on Q
2 and
the Bjorken scaling variable x = Q2=2M, where
 = pq=M
lab
= E−E0 is the energy transfer and M
the nucleon mass. The variables p and q are the
2
four{momenta of the target nucleon and the vir-
tual photon, respectively. Its double dierential



































a variable which approaches zero in the Bjorken limit, i.e. when Q2 and  approach innity at
xed x.
The spin{dependent cross section can be expressed in terms of two polarised structure
functions g1 and g2 which also are a function of x and Q
2. When the directions of the lepton
spin and that of the nucleon spin form an angle  (see Fig. 2) it can be written as [6]
 = cos k + sin cos ?; (6)
where  is the azimuthal angle between the scattering plane and the spin plane. The scattering
plane is dened by the three momentum vectors ~k and ~k0 and the spin plane by ~k and the
spin vector ~SN of the nucleon (see Fig. 2). For longitudinally polarised leptons the spin ~Sl is
oriented along the incoming momentum vector ~k. The cross sections k and ? refer to the
two congurations where the nucleon spin is oriented (anti)parallel and orthogonal, respectively,
to the lepton spin. The variable k is the dierence between the cross sections for antiparallel
and parallel spin orientations and ? is the dierence between the cross sections for opposite
orthogonal spin orientations, i.e. at angles  and +. The respective double dierential cross









































At beam energies E already as high as at SLAC and at the HERA lepton ring, γ becomes small
since either x is small or Q2 is large and, hence, terms proportional to γ2 can be neglected in
rst approximation. The structure function g1 is therefore best measured in the (anti)parallel
spin conguration while g2 can be obtained from a measurement in the orthogonal conguration
combined with a measurement of g1.
2.2 Cross Section Asymmetries
Since the spin{dependent part of the cross section contributes only little to the total deep
inelastic cross section it can best be determined from measurements of cross section asymmetries









which are related to the virtual photon-nucleon asymmetries A1 and A2 by
Ak = D(A1 + A2) and A? = d(A2 − A1): (10)














The variables d, , and  are kinematical factors given by
d =
q




γ(1− y − γ2y2=4)






and D is the virtual photon depolarisation factor determining the degree of polarisation trans-
fered from the incoming lepton to the virtual photon. The cross sections 1=2 and 3=2 refer
to the absorption of a transversely polarised virtual photon by a polarised nucleon for a total
photon-nucleon angular momentum component along the virtual photon axis of 1=2 and 3=2,
respectively, and TL is an interference cross section. The depolarisation factor D is a function
of y and R = L=T , the ratio of the longitudinal and transverse photoabsorption cross sections:
D =
y(2− y)(1 + γ2y=2)
y2(1 + γ2)(1− 2m2l =Q
2) + 2(1− y − γ2y2=4)(1 +R)
: (13)
The virtual photon-nucleon asymmetries A1 and A2 are bound by positivity relations [7]:
j A1 j 1 and j A2 j
p
R: (14)
Using Eqs. (10) and (11) the longitudinal asymmetry Ak can be expressed as function of g1 and


















These relations are used to evaluate A1 and g1 starting from the measured longitudinal asym-
metry and using parametrisations for F2(x;Q
2) and R(x;Q2).
Correspondingly one derives a relation which is used to evaluate the virtual photon-nucleon













As seen from Eqn. (11), A2 has an explicit γ dependence and is therefore expected to be small at
beam energies high enough. The Eqs. (11) and (17) are used to calculate g2 from the measured
asymmetries.
2.3 The Spin{Dependent Structure Function g1
The spin structure function g1 contains information on the quark spin orientation with respect






















+) and q−i (qi
−) are the distribution functions of quarks (antiquarks) with spin parallel
and antiparallel to the nucleon spin, respectively, ei is the electric charge of the quarks of flavour
i, and nf is the number of quark flavours involved.
In Quantum Chromo Dynamics (QCD) quarks interact by gluon exchange which gives rise
to a weak Q2 dependence of the structure functions. According to the treatment in pertubative
QCD the polarised structure function g1(x;Q































where Cq and Cg are coecient functions, g is the polarised gluon distribution, and 



























The Q2 evolution of the structure functions in QCD follows the Dokshitzer-Gribov-Lipatov-

































































The Pij are the QCD splitting functions for polarised parton distributions.
The quark and gluon distributions, the coecient functions, and the splitting functions
depend on the mass factorization and on the renormalization scale. Setting both scales to Q2
















; s) = 0: (26)
In this case g1 decouples from g. Beyond leading order the Ci and Pij depend on the renormal-
ization scheme. In the MS scheme the complete set of coecient functions and the polarised
splitting functions Pqq and Pqg up to order 
2
s are given in [12] while the O(
2
s) corrections to
the splitting functions Pgq and Pgg can be found in [13] and [14].This formalism allows a com-
plete NLO QCD analysis of the scaling violations of the spin{dependent structure functions.
In [15] the splitting and coecient functions are transformed from the MS scheme to dierent
factorization schemes. One of these other schemes is the Adler{Bardeen scheme which will be
used later.
2.4 The First Moment of g1, the Axial Quark Charges,
and Sum Rules
A powerful tool to study the moments of structure functions is provided by the Operator
Product Expansion (OPE), where the product of the leptonic and the hadronic tensors reduces
to the expansion of the product of two electromagnetic currents. At leading twist the only
gauge-invariant contributions are due to the non-singlet and singlet axial currents [16, 17].
Leading twist means a twist-two process where, loosely speaking, the number of partons involved
in the hard process on the parton level is two [18]. Considering only the three lightest quark
flavours u, d, and s the axial current operatorAk can be expressed in terms of the SU(3)f flavour
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matrices k(k = 1; :::; 8) and 0 = 2I as [17] A
k
 =  
k
2
γ5γ . The proton matrix elements for
momentum p and spin s, hpsjAijpsi are related to those of the neutron by assuming isospin
symmetry and can be expressed in terms of the axial charge matrix elements for flavour qi. The


























where the a0, a3, and a8 are related to the axial charge matrix elements ai for the flavour qi by
a0 = (au + ad + as)
a3 = (au − ad) (28)
a8 = (au + ad − 2as):
The CS1 and C
NS
1 are the singlet and non-singlet coecient functions, respectively. already
discussed.
It should be noted that au, ad, and as have an implicit Q
2 dependence. The matrix element
a3 is under isospin symmetry equal to the neutron -decay constant jgA=gV j. If exact SU(3)f
symmetry is assumed for the axial flavour octet current, a3 and a8 can be expressed in terms
of the SU(3)f coupling constants F and D obtained from neutron and hyperon -decays [22]:
a3 = F +D and a8 = 3F −D: (29)
The rst moment of the polarised quark distribution for flavour qi, dened as qi =
R
qi(x)dx,
is the contribution of that flavour to the spin of the nucleon. In the QPM ai is interpreted as
qi and a0 as  = u + d + s being the sum of the contribution of all quark flavours
considered.
The Bjorken Sum Rule was derived by Bjorken in 1966 within the framework of current








This sum rule is considered by now to be a cornerstone of QCD. Its validation is therefore a
crucial test of QCD. As a rigorous prediction it is subject to QCD corrections decribed by the
non-singlet coecient function CNS1 (Q
2). This function depends on the number of flavours and
on the renormalization scheme. In the MS scheme it is given by
CNS1 (Q

























where the coecients cNSi have been calculated up to the third order in s [20] and an estimate
exists for the O(4s) [21].
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In the QPM the coecient functions are equal to unity. Using Eqn. (29) which follows from














This relation was derived by Ellis and Jae in 1974 and is therefore known as the Ellis-
Jae Sum Rule [22]. With the additional assumption that as = 0, which in the QPM means
s = 0, they obtained a numerical prediction for Γp1 and Γ
n
1 using the values for the coupling
constants F and D calculated from neutron and hyperon -decays [23, 24]. In 1988 EMC [2]
measured a signicant smaller value for Γp1 than the predicted one. The interpretation of this
result within the QPM implied that the contribution of the quark spins  to the proton spin
is small. This fact was the origin of the well-known ’spin- puzzle’.
















CS1 (3F −D); (33)
with the singlet coecient function
CS1 (Q



















in addition to the non-singlet function CNS1 . The QCD corrections have been computed up to
order O(2s) [17] and there is an estimate for the third order [25].
The Interpretation of a0 and the U(1) Anomaly:
As already mentioned, in the QPM a0(Q
2) is interpreted as , the contribution of the quarks
to the nucleon spin. In QCD the U(1) anomaly causes a gluon contribution to a0(Q
2) [26, 27, 28].
This makes  dependent on the factorization scheme while a0 is not. The decomposition of
a0(Q
2) into  and a gluon contribution is scheme-dependent [29]. In the Adler{Bardeen (AB)
factorization scheme [30] it is
a0(Q





where the last term was originally identied as the anomalous gluon contribution or the U(1)
anomaly. In this scheme  is independent of Q2, however, it cannot be obtained from the
measured singlet axial moment a0(Q
2) without an input for g(Q2).
Recently, it was pointed out [31] that the total fraction of the nucleon spin carried by quarks,
namely the sum of  and the quark orbital angular momentum Lq, is scheme-independent
because of an exact compensation between the anomalous contribution to  and to Lq.
2.5 The Spin{Dependent Structure Function g2
The spin structure function g2 can be understood from the spin{flip amplitude that gives rise
to the interference asymmetry A2 / g1 + g2 (see Equ. 11). Wandzura and Wilczek have shown
[33] that g2 can be decomposed as
8
g2(x;Q
2) = gWW2 (x;Q
2) + g2(x;Q
2): (36)











The term g2 originates from a twist-3 contribution in the OPE [6] and is a measure of quark-
gluon correlations in the nucleon [32]. In the QPM g2 vanishes in the simplest case where the
masses and transverse momenta of the quarks are neglected.
3 Results from Inclusive Data on
Spin{Dependent Deep Inelastic Scattering
3.1 Summary of Experiments
The rst in a series of experiment devoted to spin physics was performed at SLAC in 1975
[34]. About ten years ago the EMC experiment published the surprising result that the Ellis-
Jae sum rule for the proton is violated [2]. In the QPM the EMC result implied that ,
the contribution of the quark spins to the proton spin, is small and compatible with zero in
contradiction to the expectations. This result initiated a number of new experiments at SLAC,
CERN and DESY during the last years. All these experiments focused on high precision
measurements of the spin structure function g1(x;Q
2) over the accessible kinematical range on
proton, neutron, and deuteron targets. To date signicant measurements of g1(x;Q
2) exist for
an x-range of 0.004  x  0.7. Table 1 summarizes all experiments and their kinematics.
Table 1. Summary of Experiments at SLAC, CERN, and DESY to measure spin{dependent
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deep inelastic scattering.
experiment beam target type x-range Q2-range ref.
E80 (1975) 16 GeV e− H{Butanol 0.10{0.50 1{3 [34]
E130 (1980) 16{23 GeV e− H{Butanol 0.18{0.70 3.5{10 [35]
E142 (1992) 19{26 GeV e− 3He 0.03{0.60 1{10 [36]
E143 (1993) 10{29 GeV e− NH3=ND3 0.029{0.80 1{10 [37]
E154 (1995) 49 GeV e− 3He 0.014{0.70 1{17 [38]
E155 (1997) 49 GeV e− NH3=ND3 0.014{0.70 1{17 [39]
EMC (1985) 100{200 GeV − NH3 0.005{0.75 1{200 [2]
SMC (1992) 100 GeV + D-Butanol 0.003{0.70 1{60 [40]
SMC (1993) 190 GeV + H-Butanol 0.003{0.70 1{60 [41]
SMC (1994) 190 GeV + D-Butanol 0.003{0.70 1{60 [42]
SMC (1995) 190 GeV + D-Butanol 0.003{0.70 1{60 [43]
SMC (1996) 190 GeV + NH3 0.003{0.70 1{60 [44, 45]
HERMES (1995) 27.5 GeV e+ 3He 0.02{0.70 1{10 [46]
HERMES (1996) 27.5 GeV e+ 1H 0.02{0.70 1{10 [39]
HERMES (1997) 27.5 GeV e+ 1H 0.02{0.70 1{10
Recent reviews can be found in [47] and [39]. In the following only results for the spin structure
function g1 and its rst moment will be discussed.
3.2 Experimental Procedure for Extracting g1
The polarised structure function g1 is extracted from inclusive data on polarised DIS, where
inclusive means that only information about the scattered lepton is used 2. The inclusive data
are analysed according to the following general strategy:
After having collected the experimental raw data certain quality and kinematic cuts are to
be applied. A data sample of high quality is selected by cuts with respect to beam polarisation,
target polarisation, and spectrometer performance. Kinematical cuts are applied to exclude
events from the resonance region (e.g. W 2 < 4 GeV 2), from the region with high radiative
corrections (e.g. at HERMES y > 0:85), and from the region where the parametrisations used
for F2(x;Q
2) and R(x;Q2) are considered not to be valid (e.g. Q2 < 1 GeV 2). From the





is calculated in certain intervals of x and Q2, where N"+ and N"* are the number of events
with antiparallel and parallel spin orientation of the incoming lepton and the target nucleon,
respectively. The measured asymmetry Ak is related to the photon-nucleon asymmetry A1
according to Eqn. (11) through
2Semi-inclusive data contain information about additional particles (e.g. the leading hadron) produced in
the interaction.
10
Ak = fpBpTDA1; (39)
where f is the dilution factor accounting for possibly unpolarised target material, pB and pT are
the beam and target polarisation, respectively, and D is the depolarisation factor (Eqn. (13)).
At this point QED radiative corrections using the standard procedure [48] and nuclear correc-
tions in case of a complex polarised target as 3He [49, 50] are to be applied. The spin structure
function g1(x;Q







with the standard parametrisations for F2(x;Q
2) [51] and R(x;Q2) [52] as further input. A new
parametrisation for F2 has been derived in [45]. A parametrisation of R for the region x < 0:12
is given in [53].
After all these steps g1 is determined as function of x at an averaged measured Q
2
m char-
acteristic for each experiment. In order to be able to compare the measurements of dierent
experiments one has to evolve g1(x;Q
2
m) to a common value of Q
2
0. This is done either by
assuming that A1 ’ g1=F1 is independent of Q2 which is experimentally justied [54] or by
an NLO QCD evolution. It should be mentioned that in QCD the ratio g1=F1 is slightly Q
2-
dependent because the splitting functions, with the exception of Pqq, are dierent for polarised
and unpolarised parton distributions. However, in regions dominated by valence quarks the
Q2-dependence is expected to be small [55].
3.3 The Data on the Spin Structure Function g1
At rst the most recent and partly still preliminary data on g1 measured on proton and neutron
targets will be presented.
Proton data:


















Figure 3: SMC measurements of gp1 including the new 1996
data [45]. The shaded band indicates the systematic uncer-
tainties.
get in September 1996. The new data
[45] are plotted in Fig. 3 together
with data taken in 1993. There is no
indication anymore for a rise of gp1 at
low x as seen earlier [41].
The HERMES experiment at
DESY used a polarised proton tar-
get in 1996/97. Preliminary re-
sults on the asymmetry Ap1 from
the 1996 measurements are shown in
Fig. 4 together with measurements
from E143. At present only the sta-
tistical uncertainties of the HERMES
1996 data are shown since the sys-
tematic errors are still a matter of de-
tailed investigations using systematic
measurements performed in 1997.
At SLAC the E155 experiment
started data taking on polarised pro-
11
ton and deuteron targets beginning
of 1997 and preliminary results on
gp1=F
p
1 are shown in Fig. 5 together
with the measurements from E143
and SMC.
Neutron Data:
The E154 experiment at SLAC has taken data on a polarised 3He target which acts eectively
as an polarised neutron target. The nal results for gn1 are shown
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in Fig.6 together with a measurement from E142. These high quality data are comparable in











HERMES Preliminary (1996 data)
SLAC E-143
SLAC





instead of Ap1 from E143.
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Figure 5: Preliminary results on gp1=F
p
1 from E155. Measurements from E143 and SMC are shown
for comparison [39].
The HERMES experiment at DESY has also published nal results on gn1 obtained in its
commissioning year (1995) which are shown in Fig.7 compared with measurements from E154.Finally, in Fig.8 is shown a compilation do e by SMC of the world data includi g preliminary
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Figure 7: Final results on An1 and g
n
1 from HERMES compared with measurements from E154.
3.4 NLO QCD Analysis of the Data
New and more precise data for the spin structure function g1(x) and the calculation of the
necessary coecient and splitting functions opened up the possibility to carry out NLO QCD
analyses of the scaling violation of g1. Such analyses have been performed over the last years
both by a number of theory groups [56, 15, 57, 58, 59] and by the experiments with each new
update of their data analysis [44, 45, 60]. In quoting results only two most recent analyses will































Figure 8: A compilation done by the SMC collaboration of data on g1(x) for proton, deuteron, and
neutron including preliminary data from SMC(96), HERMES(95), and E154.
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The general procedure is to start with a parametrisation of the initial polarised parton
distributions at a certain reference scale Q20. The convential form of such a parametrisation is
[59]
f(x;Q20) = Nffx
f (1− x)f (1 + γfx
f ); (41)
where f stands for qNS, , and g, the non-singlet and singlet polarised quark dis-
tributions and the polarised gluon distribution, respectively, and f , f , γf , and f are free
parameters. The normalisation factor Nf is chosen such that
R
f(x)dx, the rst moment of
f , is equal to f . It should be noted that the parameter f controls the low{x behaviour of
the parton distributions. These distributions are then evolved using the DGLAP equations up
to the values of
Figure 9: The function gp1(x) from [59] showing the
range of parametrisations allowed by the data.
Q2 where the data are taken. The free pa-
rameters are determined by a best t to all
data on g1(x) used.
In the analysis presented in [59] partic-
ular care was taken in view of the small x
extrapolation. Four dierent parametrisa-
tions A{D were chosen to probe the sensi-
tivity to dierent possibilities for the par-
ton distributions (for details see [59]). The
data used were from CERN [2, 44] and
SLAC [37, 38]. The strong coupling con-
stant was assumed to be s(mz) = 0:118
0:005 [61] and the SU(3) octet axial charge
a8 = 0:579 0:025 [24]. In Fig. 9 is shown
gp1(x;Q
2
0 = 10 GeV
2) for the best ts us-
ing the four dierent parametrisations. It
can be seen that gp1(x) is predicted to turn
negative at x  10−3 which also holds
for deuteron and neutron data. The po-
larised gluon distribution corresponding to
the parametrisations A{D used in [59] is shown in Fig. 10. As in earlier analyses also this anal-
ysis suggests a signicant gluon contribution to the nucleon spin. In [59] the large positively
polarised gluon is considered to be the reason for driving the gp1 distribution negative at small
x. Experimentally the gluon polarisation is completely unknown.
For the singlet rst moments the following values have been obtained:
 = 0:45 0:04(exp) 0:08(theor) (42)
and
g(Q2 = 1 GeV 2) = 1:6 0:4(exp) 0:8(theor); (43)
leading to a value of
a0(Q




for the non-conserved singlet axial charge a0. The parameter a0 dened by 
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Figure 10: The xg(x) distributions from [59] corre-
sponding to the parametrisations A{D. All curves are
consistent with the inclusive data used in the analysis.
and g according to Eqn. (35) illustrates
the range of interpretation of the ’spin
puzzle’. The value above is compatible
with zero which was the result of the EMC
experiment [2] about ten years ago. Note,
however, that when using a naive Regge
extrapolation at small x the value of a0
becomes signicantly dierent from zero
as will be discussed later. There is evi-
dence for a positive gluon polarisation, the
amount of which is large enough to allow
the conserved singlet quark density  to
be within one standard deviation of a8 
0:58 [24] which in absence of all SU(3) and
chiral breaking eects could be identied
with the constituent spin fraction [22]. Al-
though this could be considered as a phys-
ical explanation of the ’spin puzzle’ due to
the axial anomaly, it has to be stressed that
a real measurement of the gluon polarisa-
tion g is badly needed.
The SMC experiment has updated [45]
its previously presented NLO QCD analysis [44]. Here the method developed in [15] is used. The
calculation is also performed in the AB factorization scheme. In a simplication of Eqn. (41)
the quark singlet, non-singlet, and gluon polarised parton distributions are parametrised at
Q20 = 1 GeV
2 as
f(x;Q20) = Nffx
f (1− x)f (1 + afx); (45)
with the normalisation
N−1f (f ; f ; af) =
Z

















Figure 11: Published data sets on gp1 with curves from
NLO QCD ts at the measured Q2 for each data set.
The ts were done by the SMC experiment [45] using
the method developed in [15]
The parameter a was set to zero in the non-
singlet and gluon distributions and the ex-
ponent  was additionally xed to 4 for the
gluon (for further details see [44, 45]). The
data used came from SMC [43, 44], EMC
[2] and E143 [37]. The result of the NLO
QCD t for gp1 is shown in Fig. 11.
The integral of the gluon distribution
at Q2 = 1 GeV 2 was found to be g =
0:9 0:3(exp) 1:0(theor), corresponding
to g  1:7 at Q2 = 10 GeV 2. In this
analysis the gluon contribution to the nu-
cleon spin turned out to be also positive as
in [59].
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3.5 The First Moment of gp1
and Sum Rules
For the SMC data the contribution to
the rst moment of the proton struc-
ture function gp1 at Q
2
0 = 10 GeV
2, Γp1
(see Eqn. (27)), from the measured range,




0)dx = 0:139 0:006(stat) 0:008(syst) 0:006(theor): (47)
To estimate the contribution to Γp1 from the unmeasured high x region 0:7 < x < 1:0 a constant
value of Ap1 = 0:7  0:3 is assumed which is consistent with the data and satises the upper




0)dx = 0:0015 0:0006: (48)
The main problem arises from the extrapolation into the unmeasured low{x region. The con-
ventional method is to assume a constant g1 in agreement with a Regge{type behaviour. Al-
ternatively, the low{x integral from the NLO QCD t could be used. In the case of the SMC






































Figure 12: SMC data
(squares) for xgp1 as
function of x. Shown
is also the result of the
NLO QCD t (contin-
uous line). Both at
Q20 = 10 GeV
2. For
x < 0:003 the extrapo-
lation assuming Regge{
type behaviour is in-
dicated by the dashed
line. The insert is a
close{up extending to
lower x. The gure is
taken from [45].









The corresponding values for the rst moment of gp1 over the entire x range at Q
2






0 = 10 GeV
2) =
0:142 0:006 0:008 0:006 (Regge)
0:130 0:006 0:008 0:014 (QCD)
; (50)
where the rst error is statistical, the second is systematic, and the third arises from extrapo-
lation and theoretical uncertainties.
Sum rules have been derived for the rst moment of the polarised structure function
g1(x) which are calculated according to Eqn. (27). Assuming exact SU(3)f symmetry and an
unpolarised strange sea which corresponds to assuming as = s = 0 Ellis and Jae have
predicted [22] for the rst moment a value of
Γp1(Q
2
0 = 10 GeV
2) = 0:170 0:004: (51)
Figure 13: Comparison of the experimental results for Γp1
with the prediction of the Ellis-Jae sum rule (shaded band)
The gure has been taken from [44].
The value extracted from the mea-
surement is smaller and violates the
Ellis-Jae prediction by more than
2. This is also demonstrated in
Fig. 13 taken from a previous SMC
publication [44] where results from
other experiments are shown in ad-
dition. It should be noted that this
conclusion holds also for the neutron
and deuteron data.
Combining their proton with the
deuteron data [43] SMC derived the
rst moment for the neutron and ob-
tained a value for the Bjorken sum




1 = 0:195 0:029; (52)








CNS1 = 0:186 0:003 (53)
within 1. It should be noted, however, that the experimental uncertainty of about 15 % in
the case of the SMC analysis is still relatively large. An alternative test of the Bjorken sum
rule has been performed in [59] using the NLO QCD t already discussed above by xing the
value for s and leaving gA=gV free. The data used there came from SMC and SLAC. Hence,
the Bjorken sum rule was conrmed again within 1, but now with a better accuracy of about
8 %.





the Bjorken sum at Q20 = 5 GeV
2 is illus-
trated in Fig. 14. As can be seen, proton,
neutron, and deuteron results conrm the
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Bjorken sum but disagree with the Ellis-
Jae sum rule.
The violation of the Ellis-Jae sum rule
is not really surprising since it is connected
with the assumption s = 0 which is not
justied neither theoretical nor experimen-
tally. As will be discussed below measure-
ments rather indicate a slight negative po-
larisation for the strange sea. In contrast
the Bjorken sum rule is fundamental, de-
rived in 1966 from current algebra [19] be-
fore QCD became the standard model of
strong interactions. As a rigorous predic-
tion of QCD it is nowadays even used to
determine the strong coupling constant s.
Its violation would throw serious doubts on
the validity of QCD. It is an experimen-
tal challenge to further reduce the exper-
imental uncertainties in determining the
Bjorken sum.
3.6 The Axial Quark Charges
Considering only the three lightest quarks u, d, and s contributing to the proton spin the rst



















Assuming exact SU(3)f symmetry the flavour singlet axial charge a0(Q
2) = au + ad + as
can be calculated from the experimentally determined rst moment Γp1 and from the relations
a3 = gA=gV = F + D and a8 = 3F − D, where F and D are the SU(3)f coupling constants
calculated from neutron and hyperon -decays to be gA=gV = F + D = 1:2601  0:0025 [23]
and F=D = 0:5750:016 [24]. The coecient functions CS1 and C
NS
1 are available to 3rd order
in s [17]. Using the relations given in Eqn. (29) the individual axial quark charges au = u,
ad = d, and as = s can be calculated. This has been done by SMC for the two low{x
extrapolation approaches of determining Γp1 adopting the larger value of the third uncertainty
from the QCD analysis (see Eqn. (50)) for both approaches. The results together with the rst
moment Γp1 are given in Table 2.
Table 2. Results for the rst moment Γp1 and the axial quark charges at Q
2
0 = 10 GeV
2 from
the SMC proton data [45].
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Quantity Regge approach QCD approach
Γp1 0.142  0.017 0.130  0.017
a0 0.34  0.17 0.22  0.17
au 0.84  0.06 0.80  0.06
ad -0.42  0.06 -0.46  0.06
as -0.08  0.06 -0.12  0.06
As can be seen, both approaches are fully compatible within the given experimental errors
which are the statistical and systematic errors combined. The singlet axial charge a0(Q
2)
amounts to about 0.3 in both approaches with a re-
Figure 15: Quark spin contributions to the proton
spin as a function of the gluon contribution at Q20 =
5 GeV 2 in the Adler{Bardeen scheme. The gure has
been taken from [44].
latively large experimental error. There are
indications for a slightly negative polarisa-
tion of the strange sea although compatible
with zero within 2.
In the QPM the axial coupling a0(Q
2)
is identied with , the quark spin con-
tribution to the nucleon spin. In QCD the
U(1) anomaly leads to a gluon contribu-
tion to a0(Q
2) which makes  scheme
dependent. In the Adler{Bardeen scheme
the decomposition of a0(Q
2) into  and
g is given in Eqn. (35) with  being
independent of Q2. The determination of
 and the various qi from the measured
a0 and ai requires an input value for g.
The allowed values for  and the qi at
Q20 = 5 GeV
2 are shown in Fig. 15 as func-
tion of g. It can be seen that a value of
g(Q20) as high as 2 would allow  to
be  0:57, a value consistent with the con-
stituent quark spin fraction in the nucleon
suggested by the QPM, and s  0, the value assumed by Ellis and Jae in deriving their sum
rule [22]. In other words, a restoration of the expectations from QPM appears possible but
would require a rather high value of g. So only a direct measurement of g would clarify the
situation while a measurement of s would already help to pin down the range for g.
4 Conclusions
From the analysis of inclusive data on polarised DIS the following conclusions can be drawn:
 The present data are accurate enough to allow NLO QCD analyses of the scaling violation
of the spin{dependent structure functions. These NLO analyses provide another successful
test of QCD.
 The Bjorken sum rule is found to be conrmed within 1, although this presently only
represents an accuracy of about 10%.
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 The Ellis-Jae sum rule is violated by more than 2. This is not really surprising since
its theoretical prediction is connected with the assumption of s = 0. The data rather
indicate a slightly negative total polarisation of the strange sea. A value of s = 0 would
require a value of g as high as 2 to be consistent with the data.
 From the NLO analyses there is evidence for a positive total gluon polarisation in the
nucleon. The presently possible range of the gluon polarisation turned out to be large
enough to allow  to be consistent with the constituent quark spin fraction suggested
by the QPM and s to be consistent with zero. Hence, direct measurements of the gluon
polarisation are badly needed to resolve the situation.
 The conclusions from the NLO analyses are sensitive to the low{x extrapolation used.
The values for the singlet axial charge of the nucleon a0 extracted from the dierent
analyses range between about 0.3 and compatible with zero. The situation can only be
claried by dedicated measurements in the low{x region which at the same time would
increase our knowlegde about the gluon polarisation signicantly.
5 Outlook
There are several implications of the NLO QCD analyses which are to be probed experimentally:
 Measure gp1 in the region x  10
−3, predicted to be negative, to verify its behaviour driven
by the positive gluon contribution. The only possibility to do this is with a polarised
proton beam in HERA which may happen, if feasible, beyond the year 2005.
 Measure the polarisation of the sea, in particular s(x). This would allow to draw
conclusions on g according to the dependency shown in Fig. 15. The measurement
of semi-inclusive spin{dependent deep inelastic scattering allows a decomposition of the
dierent components of the quark spin. There are proposals to extract information on
the strange sea polarisation [62, 63] which will be pursued by the HERMES experiment
beginning 1998.
 Measure the polarisation of the gluon directly. Several experimental eorts are launched
to measure spin{dependent charm production which should probe the gluons via the
photon-gluon fusion process. A summary of approved projects and proposals presently in
discussion is given in Table 3.
Table 3. Summary of possible future initiatives to directly probe the gluon spin.
experiment status xg range (g=g) ref.
HERMES 1998  0:3  0:4=year [64]
STAR/PHENIX  2000  0.05{0.3  0.01{0.3 [65]
COMPASS  2000  0.15  0.1 [66]
E156 deferred  0.1{0.5  0.02 [67]
HERA{~e~p pre-proposal stage  0.02{0.2  0.1 [68]
HERA{ ~N pre-proposal stage  0.01{0.4  0.1 [69]
APOLLON deferred  0.4  0.1 [70]
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An upgrade of the HERMES spectrometer is under way to enhance charm detection which
could provide rst direct information on the sign of the gluon polarisation by about the
year 2000. The planned experiments at CERN (COMPASS at the SPS muon beam) and
BNL (STAR and PHENIX at RHIC) will provide signicantly more precise information
in the early years of the next decade.
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